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Learned vocalizations depend on the ear’s ability to
monitor and ultimately instruct the voice. Where is
auditory feedback processed in the brain, and how
does it modify motor networks for learned vocaliza-
tions? Here we addressed these questions using
singing-triggered microstimulation and chronic
recording methods in the singing zebra finch, a small
songbird that relies on auditory feedback to learn and
maintain its species-typical vocalizations. Manipu-
lating the singing-related activity of feedback-sensi-
tive thalamic neurons subsequently triggered vocal
plasticity, constraining the central pathway and func-
tional mechanisms through which feedback-related
information shapes vocalization.
INTRODUCTION
A hallmark of learned vocalizations, including speech and bird-
song, is that they are influenced by auditory feedback (Brainard
and Doupe, 2000a; Doupe and Kuhl, 1999). Detailed analysis of
the underlying neural mechanisms is impractical in humans,
advancing songbirds as the best organism for understanding
how feedback signals act in the brain to influence vocal control.
Notably, in the more than four decades since peripheral deaf-
ening revealed that songbirds use auditory feedback to learn
their songs (Konishi, 1965a, 1965b; Price, 1979), central feed-
back mechanisms in songbirds have proven remarkably resis-
tant to analysis. Given the essential role of auditory feedback
for vocal learning, identifying feedback-related signals in the
brain and establishing how these signals are harnessed for
learned vocal control are important goals.
Feedback-related changes to song must stem from changes
to activity in song motor networks (Figure 1A; i.e., the song sys-
tem) (Nottebohm et al., 1982, 1976; Okuhata and Saito, 1987).
Specifically, the ability of altered feedback to affect song
depends on an anterior forebrain pathway (AFP) (Andalman
and Fee, 2009; Brainard and Doupe, 2000b; Williams andMehta,
1999), making the AFP an attractive site to search for feedback
signals. In fact, many song system neurons, including AFP
neurons, respond to auditory stimulation in nonsinging states
(Cardin and Schmidt, 2003, 2004; Dave et al., 1998; Doupe
and Konishi, 1991; Katz and Gurney, 1981; Margoliash, 1983;
McCasland and Konishi, 1981; Mooney, 2000; Nick and Konishi,
2001; Rauske et al., 2003). Nonetheless, chronic recordings122 Neuron 65, 122–134, January 14, 2010 ª2010 Elsevier Inc.reveal that the singing-related activity of the AFP output neurons,
and of neurons in the sensorimotor nucleus HVC that provide
input to the AFP (i.e., HVCAFP neurons), is insensitive to periph-
eral disruption of auditory feedback (Hessler and Doupe,
1999a; Kozhevnikov and Fee, 2007; Leonardo, 2004; Prather
et al., 2008). Intriguingly, two recent studies detected neurons
that may be directly or indirectly afferent to HVCAFP neurons
that display singing-related activity sensitive to feedback pertur-
bation (Keller and Hahnloser, 2009; Sakata and Brainard, 2008),
suggesting they may convey feedback signals important to
vocal plasticity. However, neither study determined whether
the activity of these feedback-sensitive neurons is harnessed
to control vocal performance or instead serves other purposes,
such as song perception, a function in which both HVC and
the AFP are also implicated (Brenowitz, 1991; Burt et al., 2000;
Gentner et al., 2000; Prather et al., 2009; Scharff et al., 1998).
Determining whether the activity of feedback-sensitive neurons
is harnessed for vocal control requires a means of manipulating
their activity during singing.
Prior studies of how auditory feedback affects song control
relied either on peripheral deafening or singing-triggered noise
playback to distort auditory feedback (DiAF) (Andalman and
Fee, 2009; Leonardo and Konishi, 1999; Nordeen and Nordeen,
1992; Sober and Brainard, 2009). Importantly, these peripheral
manipulations pose several limitations to understanding the
central mechanisms by which the auditory system influences
vocalization. First, deafening abolishes auditory signals alto-
gether, and the absence of signalsmay act more slowly to trigger
vocal plasticity than does detection of vocal error by the auditory
system. Second, interfering with feedback by superimposing an
external sound on the actual feedback signal, as accomplished
with DiAF, also may act slowly to affect song, perhaps because
the bird can disambiguate its own song from external noise.
Third, recordings in anesthetized birds reveal several sources
of auditory input to HVC, and thus several potential pathways
that might convey feedback (Figure 1B): two distinct pathways
indirectly link the thalamic nucleus ovoidalis (OV) to HVC (Bauer
et al., 2008; Cardin et al., 2005; Coleman and Mooney, 2004;
Fortune and Margoliash, 1995; Vates et al., 1996) and a direct
pathway links the thalamic nucleus Uva to HVC (Coleman
et al., 2007). Because of this parallel organization, peripheral
manipulations do not constrain the neural pathway through
which feedback-related information influences songmotor com-
mands. Moreover, whereas Uva is thought to serve largely
a motor role (Coleman and Vu, 2005), leaving OV as a likely
source of feedback-related information to the song system,
lesion studies have failed to identify the feedback pathway (Car-
din et al., 2005; Roy and Mooney, 2009).
Figure 1. Activity in OV Is Sensitive to Perturba-
tions of Singing-Related Auditory Feedback
(A) The song system comprises a song motor pathway
(red) and an anterior forebrain pathway (green). HVC,
used as a proper name; RA, robust nucleus of the archi-
striatum; LMAN, the lateral magnocellular nucleus of the
anterior nidopallium; DLM, the medial nucleus of the
dorsolateral thalamus.
(B) Ascending auditory pathways to the song system. CN,
cochlear nucleus; OV, nucleus ovoidalis; CM, caudal mes-
opallium; NCM, caudal medial nidopallium; NIf, the interfa-
cial nucleus of the nidopallium; LLv, the ventral nucleus of
lateral lemniscus; Uva, nucleus Uvaeformis.
(C) Design for examining sensitivity of singing-related OV
activity to feedback perturbation (gray shadow).
(D) Design for examining sensitivity of song-evoked audi-
tory OV activity to noise perturbation.
(E) Activity in OV during singing changes in response to
noise perturbation of auditory feedback. Top: Sonogram
of the bird’s own song (BOS). Gray shadow indicates noise
perturbation; the inset above the sonogram plots the
distribution of noise onset relative to the songmotif, which
was variable because of biological variations and jitter in
the detection apparatus. Gray bars indicate range of noise
onset and dot indicates the median onset time. Bottom:
Rectified, averaged multiunit activity in OV during singing
without noise (black trace, arbitrary voltage units) or with
noise (blue and red trace). Redmarks where activity differs
significantly from singing without noise.
(F) Activity in OV evoked by BOS playback in nonsinging,
awake bird changes in response to noise perturbation
(conventions as in E).
Neuron
Manipulating an Auditory Feedback RepresentationHere we sought to identify a central representation of auditory
feedback in the zebra finch and causally link manipulations of
this representation to changes in song. Using chronic recordings
in singing birds, we show that OV conveys auditory feedback
information about vocal performance. Using focal microstimula-
tionmethods, we then found that precisely manipulating singing-
related activity in OVwas sufficient to gradually alter song. These
effects included increased spectral distortion and variability in
the stimulated region of the song but were not coupled to OV
stimulation on a trial-by-trial basis. The onset of vocal distortion
also was strongly age dependent, occurring rapidly (1 hr) in
juvenile birds engaged in sensorimotor learning. Finally, experi-
ments in anesthetized birds reveal that OV stimulation can prop-
agate to song motor networks and interfere with auditory pro-
cessing of song, revealing a functional interaction that could
account for these behavioral effects. Together, these experi-
ments identify a central auditory feedback representation that
can be harnessed to shape learned vocalizations.
RESULTS
Neurons in the Auditory Thalamus Are Sensitive
to Song-Related Auditory Feedback
To test whether OV neurons monitor vocal performance, we re-
corded multiunit OV activity in freely behaving juvenile and adult
male zebra finches (n = 3 birds, 72, 107, and 315 days). In 50%ofthe trials, we used singing-triggered noise playback to perturb
auditory feedback during a target region of the polysyllabic
song motif (Figure 1C). In the absence of noise, activity in OV
was elevated during singing (Figure 1E). Perturbing feedback
significantly elevated singing-related activity in the region of
themotif targeted by noise (Figure 1E; activity in the target region
differed significantly between trials with and without noise; p <
1020, K-S test). We also observed that patterns of OV activity
during performance of unperturbed and perturbed songs were
similar to patterns of activity evoked in OV by playback of unper-
turbed and perturbed songs, respectively. We measured OV
activity evoked in the awake, nonsinging bird by playback of
the bird’s own song (BOS), and on alternating trials superim-
posed noise on a similar target region in the motif (Figure 1D).
As seen during singing, song playback evoked robust responses
in OV, and activity in OV was significantly higher in the target
region in the presence of added noise (Figure 1F; p < 1020,
K-S test). These results indicate that OV is sensitive to perturba-
tions in singing-related auditory feedback and thus can encode
information about the quality of vocal performance.
Singing-Triggered OV Stimulation Gradually Distorts
and Destabilizes Song
Although OV neurons convey singing-related auditory feedback,
it remains unclear whether changes in this activity can be har-
nessed to shape song. To directly test this idea, we implantedNeuron 65, 122–134, January 14, 2010 ª2010 Elsevier Inc. 123
Figure 2. Singing-Triggered OV Stimulation Grad-
ually Distorts and Destabilizes the Spectral Struc-
ture of the Target Syllable
(A) The experimental design for singing-triggered OV stim-
ulation. Trigger syllable is in blue, target syllables are in
red.
(B and C) Two examples show entropy of the target
syllable (red box) increases while that of a control syllable
(blue box) remains stable or slightly declines during stim-
ulation period. Top: Representative motifs produced on
different days. Red bars indicate timing of OV stimulation.
Bottom: Black dots depict entropy of individual target
syllable renditions. Circles and error bars denote the
mean entropy of the syllable and its standard deviation.
Filled circles indicate significant difference from baseline
(p < 0.001). See also Figures S1 and S2.
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Manipulating an Auditory Feedback Representationstimulation electrodes bilaterally in OV and used a computerized
system to detect when the bird sang a specific trigger syllable
(Figure 2A). This approach enabled us to precisely disrupt
activity in OV during an ensuing target region of the motif (Fig-
ure 2A). We chose target syllables that contained tonal elements
or harmonic stacks, because spectral changes to such syllables
can be rapidly assessed by visual inspection of sonograms and
also are well-suited to quantitative description (see below). We
performed singing-triggered OV stimulation experiments in
a total of eight juvenile and adult (73–120 days) male zebra
finches. In an initial set of experiments, we used four juveniles
at the late stage of sensorimotor learning (n = 4, late juveniles;
88 ± 3 [mean ± SD] days at onset of experiment). At this stage,
songs are highly stereotyped from one bout to the next,
providing a stable baseline against which to detect any changes,
but can deteriorate relatively rapidly in response to disrupted
auditory feedback (Lombardino and Nottebohm, 2000), facili-
tating a stimulation-based approach. To better characterize
how central manipulation of auditory feedback affects song
motor control, we also performed singing-triggered OV stimula-
tion experiments in three mid-juvenile (73–81 days at experiment
onset) and one adult zebra finch (120 days).
In the four late juvenile birds, visual inspection of sound spec-
trograms revealed that spectral features of syllables in the target
region became distorted starting 2–3 days after the onset of
singing-triggered OV stimulation (Figures 2B and 2C). To quan-
tify these effects, we measured the Wiener entropy of the target
syllables as well as other syllables in the motif (Experimental
Procedures). The Wiener entropy captures the spectral variance
of a signal, with tonal elements yielding negative values and124 Neuron 65, 122–134, January 14, 2010 ª2010 Elsevier Inc.broadband noise approaching zero; tonal notes
that undergo spectral distortion will exhibit
increases in entropy. In all four birds, the target
syllable’s mean entropy during the first 1–2
days of OV stimulation was not significantly
higher than the prestimulation baseline value (t
test, p > 0.05, Figures 2B and 2C, for summary
see Figure 3A). However, the mean entropy of
the target syllable started to increase signifi-
cantly on the second day with OV stimulation
in one late juvenile bird and on the third daywith OV stimulation in two other late juvenile birds (red symbols
in Figure 3A), indicating that chronic singing-triggered stimula-
tion in OV exerts a delayed effect on syllable structure. In two
of these three birds, the increase in entropy was paralleled by
an increase in the standard deviation of entropy of the tar-
get syllable (for example, see day 3 in Figure 2C), indicating
increased variability in the target syllable. In the fourth bird, the
visual impression was that the spectral structure of the target
syllable started to become distorted and more variable on the
fourth day with OV stimulation (see Figure S1 available online).
However, once stimulation began, this bird sang the target
region more infrequently and gradually stopped singing it alto-
gether (Figure S1), precluding quantification. The delayed onset
of spectral distortion, increased spectral variability, and whole-
sale deletion of syllables using singing-triggered OV stimulation
closely resemble deleterious effects of deafening or chronic
exposure to delayed auditory feedback on zebra finch song
(Leonardo and Konishi, 1999; Nordeen and Nordeen, 1992).
To confirm that these behavioral effects were due to selective
disruption of auditory feedback, we conducted additional exper-
iments in two other late juvenile birds (88 and 87 days). In one
bird, we applied singing-triggered microstimulation in a thalamic
visual nucleus (n. rotundus), which exerted no effect on song
(Figures S2A and S2B). In a second bird, we applied singing-trig-
gered microstimulation in a thalamic nucleus (n. Uva) that is part
of the song motor network, which resulted in short latency trun-
cation of the motif and did not result in spectral distortion of the
target syllable (Figures S2C–S2F). Therefore, focal stimulation in
OV alters song by selectively disrupting feedback and not by
exerting nonspecific sensory or motor effects. These results
Figure 3. Onset of Spectral Distortion of the Target Syllable Is Age
Dependent
(A) Changes in mean entropy of target syllables following OV stimulation in
three late- (red symbols) and two mid-juvenile birds (orange symbols). Filled
symbols indicate significant increase from baseline (p < 0.001).
(B) An example of a cumulative entropy difference curve before and after onset
of OV stimulation (bird was 92d at stimulation onset). Blue: Day prior to stim-
ulation onset. Red, green: First and second days of stimulation. Grey line
denotes +3 SD of baseline cumulative entropy difference. Circle marks when
the cumulative difference in entropy exceeded this threshold.
(C) Using this criterion, the onset of spectral distortion of the target syllable was
age dependent.
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Manipulating an Auditory Feedback Representationestablish that OV is a brain region containing neurons whose
activity is sensitive to perturbations of auditory feedback and
where altered activity can disrupt learned vocal output. Having
established that OV is an important source of auditory feedbacksignals for learned vocal control, we then explored how rapidly
singing-triggered microstimulation of OV could disrupt song at
different stages of development, the temporal precision of this
effect, and the nature of the interaction between OV and the
song motor network.
The Onset of the Effect Was Age Dependent
Our initial findings in late juvenile birds indicated that the mean
entropy of the target syllable increased significantly only after 2
or more days of singing-triggered OV stimulation. To determine
whether this delay was related to the animal’s developmental
stage, we conducted additional experiments in two mid-juvenile
and one adult bird. In the two mid-juvenile birds, OV stimulation
triggered a significant increase in the mean entropy of the target
syllable on the first day of stimulation (orange symbols in
Figure 3A). In contrast, the adult bird showed slight changes in
the mean entropy of the target syllable only after 3 weeks of
OV stimulation (not shown). To more precisely quantify the onset
of OV stimulation induced spectral distortion, we determined
when the cumulative difference in entropy exceeded +3 SD
from a prestimulus baseline (Figure 3B; see Experimental Proce-
dures for choice of this criterion). Applying this approach to
the songs of the six birds from which we were able to obtain
quantitative entropy measurements, we determined that the
effects of singing-triggered OV stimulation on song are strongly
age dependent (Figure 3C, rho = 0.93, p < 0.05). In the youngest
birds in which we were able to pair OV stimulation with the target
syllable in a reliable manner (i.e., >70% of the bird’s motifs trig-
gered stimulation), significant changes in entropy could occur
extremely rapidly (1 hr; 70 and 108 motifs, respectively, to
reach the criterion threshold, Figure 3C). Applying this analysis
in the three late juvenile birds revealed that the entropy of the
target syllable changedmore slowly, in terms of both the number
of motifs and total elapsed time necessary to reach our criterion
threshold (250, 820, and 920motifs sung over 2–3 days following
stimulation onset, Figure 3C). In the adult, this threshold was only
reached after the bird had sung more than 44,000 motifs over
a span of 22 days. These findings indicate that the onset of vocal
distortion triggered by central manipulation of auditory feedback
is strongly age dependent, similar to song plasticity that can be
induced in zebra finches by peripheral manipulations of auditory
feedback (Lombardino and Nottebohm, 2000).
The Effect of OV Stimulation Was Temporally Precise
Electrical stimulation can be used to disrupt neural activity in
a temporally precise manner, allowing us to address whether
disrupting OV activity exerted temporally specific effects. To
begin to assess the temporal specificity of these effects, we first
quantified the entropy of all syllables preceding the target region.
Measuring the entropy of all syllables preceding the target
region, including the trigger syllable, revealed that 15 out of 17
syllables either remained stable or decreased slightly during
the period in which the bird was subjected to singing-triggered
microstimulation of OV (for examples see Figures 2B and 2C;
this analysis also included the eighth juvenile in which < 50%
motifs triggered stimulation). The slight decrease in mean
entropy may reflect the effects of sensorimotor learning, a
process that is likely to be ongoing during the stimulation periodNeuron 65, 122–134, January 14, 2010 ª2010 Elsevier Inc. 125
Figure 4. Temporal Specificity of Spectral Distortion
(A) An experimental bird with repeated syllables in its motif. One syllable (red
box) was paired with OV stimulation (red bar).
(B) The increase in mean entropy of the target syllable was significantly larger
than entropy changes to the sister syllable. Conventions as in Figure 2B. See
also Figure S3.
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Manipulating an Auditory Feedback Representation(73–100 days). Furthermore, the two ‘‘control’’ syllables (from
two of seven birds) that increased in entropy changed much
less than the corresponding target syllable (in one case, the
entropy of a control syllable increased by a z-score of 0.89
versus 3.59 for the target syllable, while in the other case the
entropy of a control syllable increased by a z-score of 0.74
versus 1.69 for the target syllable). Thus, disrupting singing-
related activity in OV can trigger song deterioration specifically
in the stimulated region of the motif.
In the previous analysis, the control syllables were acoustically
distinct from those of their corresponding target syllables.
Consequently, it is unclear whether the vocal effects of OV stim-
ulation are specific to the time window in the motif that was
paired with stimulation or might generalize to other syllables
with an acoustic structure highly similar to the target syllable.
Although it is rare for zebra finches to sing repeated syllables
in a motif, one of the juvenile birds produced a motif with
a repeated syllable (Figure 4A), allowing us to address this issue.
We found that when OV stimulation was paired with the second
syllable in this repeated sequence, the increase in mean entropy
of the target syllable was significantly larger than entropy126 Neuron 65, 122–134, January 14, 2010 ª2010 Elsevier Inc.changes to the preceding syllable, despite their highly similar
structure (Figure 4B; the mean entropy of the target syllable
increased from 5.56 before stimulation to 5.07 after stimula-
tion; the mean entropy of the control syllable increased from
5.56 to5.41 during this same period; p = 0, t test). This obser-
vation supports the idea that central feedback perturbation
exerts its effects on vocal control in a time-specific manner,
and does not readily generalize to acoustically similar features
in the motif.
A third way in which we investigated the temporal specificity of
the effects of OV stimulation on song was by targeting OV stim-
ulation to only the latter portion of a single syllable in a motif
produced by a mid-juvenile bird (81 days). Following prolonged
OV stimulation (the pronounced variability of this bird’s song
resulted in <50% of the motifs receiving stimulation), the mean
entropy of the targeted region had significantly increased,
whereas the mean entropy of the preceding region in the same
syllable had significantly decreased (Figure S3). Taken together,
these observations indicate that central disruption of auditory
feedback achieved by OV stimulation exerts temporally precise
effects on song.
Changes in Song Are Not Linked to OV Stimulation
on a Trial-by-Trial Basis
A distinct advantage of a stimulation-based approach is that it
enables a fine timescale, trial-by-trial analysis of how song
changes when feedback is disrupted. We exploited this advan-
tage to determine more precisely when and how manipulating
OV activity affected song in juvenile birds. We noted that in five
out of the six birds from which we were able to obtain quantita-
tive entropy measures, the cumulative entropy difference initially
decreased or remained flat over the first series of stimulated
trials (Figure 5A), suggesting that, at least initially, OV stimulation
is not directly coupled to song output. Another possibility is that
chronic OV stimulation enhances coupling between auditory and
song motor areas over time, thus allowing acute OV stimulation
to directly change song output on a trial-by-trial basis. However,
even after sustained OV stimulation had triggered significant
spectral distortion, all seven juvenile birds could produce normal
target syllables on some stimulated trials and six of these birds
often produced distorted syllables on trials in which stimulation
was not applied (i.e., catch trials; for an example, see Figure 5B).
In these six birds, the mean entropy and variability of the target
syllables produced during catch trials were indistinguishable
from these features of target syllables produced during stimu-
lated trials (p > 0.05, t test). Collectively, these observations
suggest that song performance is not linked on a trial-by-trial
basis to OV stimulation, but rather reflects the history of stimula-
tion over the preceding hours, days, or even weeks.
Functional Interactions between OV and the SongMotor
Network
The observation that stimulation in OV subsequently alters song
indicates that OV must interact with song motor networks.
Although neurons in the song motor network of the zebra finch
are insensitive to changes in singing-related auditory feedback
(Hessler and Doupe, 1999a; Kozhevnikov and Fee, 2007; Leo-
nardo, 2004), many of these neurons do respond to auditory
Figure 5. Changes in Song Are Not Linked to OV Stimulation on
a Trial-by-Trial Basis
(A) Cumulative entropy difference over the first 20 stimulated trials in six juve-
niles (in five, > 70% motifs triggered stimulation; in a sixth (81 days), <50% of
motifs triggered stimulation).
(B) An example showing entropy of target syllables (red box) on unstimulated
‘‘catch’’ trials (gray dots) and on stimulated trials (black dots) was the same
(p = 0.2, t test). Conventions as in Figure 2B.
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Manipulating an Auditory Feedback Representationpresentation of the BOS during sleep (Dave et al., 1998; Nick and
Konishi, 2001; Rauske et al., 2003) or anesthesia (Cardin and
Schmidt, 2003, 2004; Doupe and Konishi, 1991; Margoliash,
1983; Mooney, 2000). An attractive idea is that this state-depen-dent auditory activity reflects a functional linkage between struc-
tures that process auditory feedback and the song motor
network. To test this idea, we reversibly inactivated OV with
g-aminobutyric acid (GABA) while simultaneously monitoring
extracellular responses evoked by BOS playback in the telence-
phalic song nucleus HVC (Figure 6A), the proximal site where
auditory information enters the song motor network. BOS-
evoked responses in HVC were abolished by applying GABA
(0.25 M) in OV and gradually (20 min) recovered after GABA
application was discontinued (Figures 6B and 6C; n = 6 sites,
two birds; mean decrease in BOS-evoked HVC response
strength was 93 ± 1% [mean ± SEM], range: 88%–98%). There-
fore, OV not only conveys auditory feedback information that can
be harnessed to shape learned vocal control, but it also is the
major source of auditory drive to the song motor network.
Establishing that OV supplies auditory drive to HVC under
anesthesia presents an opportunity to analyze how an area
sensitive to feedback perturbations interacts synaptically with
the song motor network. In vivo intracellular recordings in anes-
thetized zebra finches (Figures 6D and 6E) revealed that single
current pulses (100 ms) applied to OV at intensities used in our
behavioral experiments (17–40 mA) evoked depolarizing synaptic
responses in HVC with a mean onset latency of 12.4 ± 0.2 ms
(mean ± SEM, n = 15 cells, three birds). Stimulation in OV also
evoked synaptic responses in RA, HVC’s efferent in the song
motor network, with a slightly longer latency (16.8 ± 0.2 ms; n
= 6 cells, two birds). The timing of responses evoked in HVC
and RA by electrical stimulation in OV is consistent with the
timing of responses evoked by acoustic stimuli (mean onset
latency in HVC was 19.6 ± 0.1 ms (n = 15 cells, in three birds),
and in RA was 25.0 ± 0.5 ms (n = 6 cells, in two birds)); the differ-
ence in these latencies could be precisely accounted for by the
time for noise-evoked activity to reach OV (Figure 6E and 6F;
mean onset in OV was 8.7 ± 0.8 ms; n = 3 sites in three birds).
Moreover, the shapes of synaptic responses evoked in HVC
and RA by electrically stimulating OV resembled those of
noise-evoked synaptic responses, raising the possibility that mi-
crostimulation in OV exerts an effect on the song motor network
similar to acoustic presentation of noise. Our results also are
consistent with the conclusion that OV stimulation exclusively
evoked feed-forward activation from OV to the song motor
network. First, the latency of responses in HVC and RAwas suffi-
ciently long to exclude the possibility that stimulation in OV at
intensities used in our behavioral experiments might inadver-
tently activate known monosynaptic projections from the
thalamus to HVC (Coleman et al., 2007), or activate RA neurons
antidromically. Second, additional control recordings made in
LMAN failed to detect any synaptic responses following OV stim-
ulation (n = 24 neurons, two birds, data not shown), ruling out
inadvertent activation of the adjacent thalamic nucleus DLM,
which is afferent to LMAN.
It has been widely speculated that BOS-selective auditory
responses observed in HVC neurons under certain conditions
reflect sensitivity of the songmotor network to auditory feedback
(Doupe, 1997; Margoliash and Konishi, 1985). Thus we explored
how high-frequency trains of OV stimulation like those used in
our behavioral experiments affected BOS-evoked responses of
HVC neurons in anaesthetized zebra finches (Figure 7A).Neuron 65, 122–134, January 14, 2010 ª2010 Elsevier Inc. 127
Figure 6. The Auditory Thalamus Supplies Auditory Drive to HVC
(A) Design for examining effects of OV inactivation on HVC auditory responses.
(B) Example showing BOS-evoked responses in HVC before, during, and after inactivating OV with GABA. Top: Recording from an HVC single unit. Middle:
Cumulative peristimulus time histogram (PSTH) and response strength (RS) of the HVC single unit to 20 iterations of BOS playback in each condition. Bottom:
Oscillogram of BOS.
(C) Inactivating OV abolished BOS-evoked responses in HVC. Black circles: RS of six HVC recording sites (n = 2 birds) normalized to predrug value. Red dots and
error bars: mean ± SD.
(D) Design for examining effects of electrical stimulation in OV on HVC and RA in the anaesthetized bird.
(E) Synaptic responses in RA (top) and HVC (second from top) evoked by noise (black traces) or by brief (100 ms) electrical stimulation in OV (red traces). Time of
OV stimulation (vertical dashed red line) is aligned to the onset of noise-evoked response in OV (second from bottom).
(F) Latencies of OV stimulation-evoked responses in HVC and RA plus the onset latency of noise-evoked responses in OV are identical to onset latencies of noise-
evoked responses in HVC (circles) and RA (diamonds). Red markers depict mean ± SD response latency.
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Manipulating an Auditory Feedback RepresentationWe found that stimulating OV with high frequency current trains
(300 Hz, 100 ms duration; see Experimental Procedures) could
strongly and transiently attenuate or even abolish BOS-evoked
response peaks in HVC (Figures 7B and 7E; p < 108, paired
t test, n = 9 sites in three birds). This suppressive effect was
specifically attributable to stimulation in OV, because a similar
stimulation regime applied to thalamic regions slightly (<500 mm)
ventral to OV exerted no effect on BOS-evoked responses at the128 Neuron 65, 122–134, January 14, 2010 ª2010 Elsevier Inc.sameHVC recording sites (Figure S4; p = 0.35, paired t test, n = 7
recording sites in two birds). A hallmark of auditory-responsive
HVC neurons is that they are highly selective for temporal and
spectral features in the BOS, responding more weakly when
these features are degraded by noise (Theunissen and Doupe,
1998). One possibility is that OV stimulation functions like noise
to suppress BOS-evoked responses in HVC. Consistent with
this idea, we found that superimposing a short noise burst
Figure 7. BOS-Evoked Responses in HVC and NIf Are Suppressed to a Similar Extent by High-Frequency OV Stimulation or Superimposed
Noise
(A) Design for examining effects of high-frequency OV stimulation on BOS-evoked responses in HVC and NIf of anaesthetized finches.
(B) An example shows OV stimulation attenuates HVC responses to BOS playback. (Bb1) PSTH of HVCmultiunit activity to 20 iterations of BOS playback without
OV stimulation. (Bb2) Enlarged view of boxed region in (Bb1). Red bins and corresponding response strength (RS) denote 100 ms window immediately following
when stimulation occurred in stimulated trials. (Bb3) PSTH of same HVC recording site in (Bb1) from 20 iterations of BOS playback paired with OV stimulation
(100 ms,100Hz train; stimulation artifact 3.4 s was removed). (Bb4) Enlarged view of boxed region in (Bb3).
(C) Design for testing effects of superimposed noise on BOS-evoked responses in HVC and NIf of anesthetized finches.
(D) Example shows that short (100ms) noise bursts suppress BOS-evoked responses in HVC. Red bins in (Dd2) and (Dd4) depict a 100mswindow following noise
offset.
(E) Group data show OV stimulation or superimposed noise suppress BOS-evoked responses in HVC to a similar extent during the 100 ms following noise offset
(stimulation: p < 108, paired t test; noise: p < 106, paired t test; stimulation versus noise: p = 0.41, t test). Black open circles denote response strength of indi-
vidual recording sites normalized to control trials. Red markers are mean ± SD.
(F)Groupdata showOVstimulation or superimposed noise suppressBOS-evoked responses inNIf to a similar extent during the 100ms following noiseoffset (stim-
ulation: p < 105, paired t test; noise: p < 0.01, paired t test; stimulation versus noise: p = 0.96, t test). Red markers are mean ± SD. See also Figures S4 and S5.
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in HVC to a similar extent as OV stimulation (p = 0.41, n = 6 sites,
Figures 7C–7E). These experiments indicate that in the anesthe-
tized zebra finch, electrical stimulation in OV functions similarly
to noise to disrupt the auditory processing of the bird’s song in
the song motor network, raising the possibility that OV stimula-
tion in the singing bird also disrupts processing of vocalization
related feedback in downstream regions.
To better localize where in these downstream regions OV
stimulation might exert effects on auditory processing, we also
studied the effects of OV stimulation on auditory responses in
the interfacial nucleus of the nidopallium (NIf), a sensorimotor
structure that lies between OV and HVC and serves as a major
auditory afferent to HVC (Figure S5A)(Coleman and Mooney,
2004). We found that stimulating OV with high-frequency trains
of current pulses could suppress BOS-evoked responses in
NIf (p < 105, paired t test; n = 17 sites, Figures S5B and S5E),
although the magnitude of this suppression was not as pro-
nounced as observed in HVC (compare Figure 7F with Fig-
ure 7E; p < 0.01, t test between normalized response strength
in HVC and NIf). As observed in HVC, the effects of electrical
stimulation in OV on BOS-evoked responses recorded in NIf
were similar to the effects of superimposing noise on BOS play-
back (p = 0.96, t test between trials with OV stimulation and
superimposed noise burst; p < 0.01, paired t test between trials
with and without superimposed noise, n = 10 sites, Figures S5C–
S5E). These findings indicate that the suppressive effects of OV
stimulation on BOS-evoked activity in the anesthetized bird
increase as activity propagates through the sensorimotor
hierarchy.
DISCUSSION
This study localized a central representation of auditory feed-
back and showed that manipulating this representation affects
learned vocal control. By combining DiAF methods and chronic
recordings, we determined that OV neurons are real-time sen-
sors of auditory feedback. We then used singing-triggered
microstimulation to show that altering the singing-related activity
of these neurons was sufficient to trigger vocal plasticity. Finally,
we used in vivo electrophysiology to assess the synaptic interac-
tions between this feedback-processing area and the song
motor network. There are four important aspects to the current
study. First, these experiments causally link changes in the
singing-related activity of feedback-sensitive neurons to vocal
plasticity. Second, this study constrains the central pathway
through which feedback-related information travels to shape
vocalization. Third, manipulating the activity of neurons that
convey this feedback representation also disrupted auditory
processing in the song system, pointing to a potential mecha-
nism for sensorimotor integration important to learned vocaliza-
tion. Finally, the effects of singing-triggered microstimulation
were specific to the stimulated region of the song, were not
linked to stimulation on a trial-by-trial basis, and emerged only
after an age-dependent delay. Thus our findings localize a central
representation of auditory feedback and provide insight into how
and when changes in this central representation affect vocal
output.130 Neuron 65, 122–134, January 14, 2010 ª2010 Elsevier Inc.A Causal Link between Feedback-Sensitive Neurons
and Vocal Plasticity
A major goal in neuroscience is to understand the causal
link between changes in sensory experience and changes in
behavior. Along with two recent studies, the current findings
shed light on this issue in the context of auditory-motor trans-
formations underlying learned vocalizations. One of these
studies established that neurons in the auditory telencephalic
regions Field L and CM display singing-related activity acutely
sensitive to DiAF, implying that real-time feedback signals
propagate at least to the auditory telencephalon (Keller and
Hahnloser, 2009). However, neurons in these areas are impor-
tant to general auditory functions, including song perception
(Gentner and Margoliash, 2003), and many neurons in these
regions ultimately feed information to areas other than the
song system (Vates et al., 1996). Therefore, because they did
not manipulate the activity of these neurons during singing, it
remains unclear what function they play in shaping song.
On the other hand, another recent study reported that the
singing-related activity of putative HVC interneurons displayed
weak sensitivity to feedback perturbations (Sakata and Brai-
nard, 2008). Although these neurons are clearly embedded in
the song motor network, it is difficult to disambiguate feedback
sensitivity from altered song motor commands. Moreover, HVC
is a sensorimotor structure documented to play a role in song
perception (Brenowitz, 1991; Gentner et al., 2000; Prather
et al., 2009). Therefore, because this study did not causally
link changes in interneuron activity to vocal plasticity, the func-
tion of their feedback sensitivity remains unclear. By showing
that manipulating OV activity during singing affects song, and
by independently establishing that OV provides a presumably
purely auditory drive to song motor networks, the present study
causally links neurons that act as real time sensors of auditory
feedback to vocal plasticity. Furthermore, because OV provides
auditory drive to both Field L and HVC (Vates et al., 1996;
present study), our findings strengthen the idea that feed-
back-sensitive neurons detected in these two other studies
are linked to song plasticity.
Constraining the Central Pathway by which Feedback
Travels to Influence Song
The present study strongly supports the idea that feedback-
related information travels through OV to affect song, while
also providing additional support for the prevailing view that
Uva functions primarily to convey motor-related activity to HVC
(Coleman and Vu, 2005). Notably, OV is the indirect source of
auditory input to NIf and CM, both of which in turn are direct
sources of auditory input to HVC (Bauer et al., 2008; Coleman
and Mooney, 2004). Interestingly, NIf lesions fail to trigger song
decrystallization (Cardin et al., 2005), prevent feedback-depen-
dent vocal plasticity in adult birds (Roy and Mooney, 2007), or
impede song imitation in juvenile birds (T.J. Gardner and
M.S. Fee, 2007, Soc. Neurosci., abstract). Along with the pres-
ent results, these findings hint that CM may be the critical
source of feedback-related information to the song system.
Further, because OV, CM, and HVC are also implicated in song
perception (Brenowitz, 1991; Cynx et al., 1992; Gentner et al.,
2000; Gentner and Margoliash, 2003; Prather et al., 2009),
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others may be evaluated by the same sensorimotor pathway.
ACircuit Basis for Feedback-Dependent Vocal Plasticity
A remaining issue for understanding the sensorimotor circuit is
to determine where this real-time feedback signal is converted
into a signal to affect vocal plasticity. Prior studies indicate
that the AFP drives trial-by-trial variation in song structure
(Hessler and Doupe, 1999b; Kao et al., 2005; Olveczky et al.,
2005). This variation is thought to be necessary for song learning
(Bottjer et al., 1984; Deregnaucourt et al., 2005; Scharff and Not-
tebohm, 1991; Tumer and Brainard, 2007) and also is specu-
lated to enable slower forms of vocal plasticity triggered by
changes in auditory feedback (Andalman and Fee, 2009; Brai-
nard and Doupe, 2000b; Williams and Mehta, 1999). Interest-
ingly, the HVC projection neurons that transmit song-related
activity to the AFP receive auditory input indirectly from OV
(present data; Bauer et al., 2008; Coleman and Mooney, 2004;
Rosen and Mooney, 2006) and also receive input from HVC
interneurons (Mooney and Prather, 2005; Rosen and Mooney,
2003). These HVCAFP neurons display auditory and singing-
related activity, but their singing-related activity is insensitive
to feedback perturbations (Kozhevnikov and Fee, 2007; Prather
et al., 2008). These and other studies suggest that singing-
related activity in HVCAFP neurons encodes a motor estimate
of auditory feedback that slowly tracks long-term changes in
song output (Roy and Mooney, 2007; Troyer and Doupe,
2000). In contrast, Sakata’s study suggests that HVC interneu-
rons, some of which form inhibitory synapses on these AFP-pro-
jecting HVC cells, may respond rapidly to changes in feedback
(Sakata and Brainard, 2008). This raises the possibility that feed-
back-dependent reorganization of these inhibitory synapses is
critical for the gradual manifestation of song motor changes in
response to feedback errors. These results further imply that
integration of these synaptic changes will slowly be reflected
as changes in activity within the AFP in advance of vocal
plasticity. Consistent with such a model, in birds made to sing
spectrally distorted songs, AFP neurons change their auditory
selectivity prior to the onset of vocal plasticity (Roy and Mooney,
2007).
Several features of the current study provide partial support for
this model. First, feedback-sensitive OV neurons are necessary
for auditory activity in HVC. Second, manipulating the singing-
related activity of these OV neurons triggers song plasticity.
Third, manipulating the activity of these OV neurons suppresses
auditory responses in HVC, an effect similar to DiAF-induced
suppression of HVC activity during singing (Sakata and Brainard,
2008). Moreover, inactivation experiments suggest that HVC is
the sole route by which auditory information enters the AFP in
the anesthetized bird (Roy andMooney, 2009). However, a possi-
bility that cannot be excluded is that in the awake animal some
fraction of auditory feedback enters the AFP independently of
HVC, perhaps through projections from the auditory telenceph-
alon to the ventral tegmental area (Gale and Perkel, 2006), which
provides input to area X (Lewis et al., 1981), the striatal compo-
nent of the AFP (Farries and Perkel, 2002). Therefore, a future
goal will be to further constrain where real time feedback signals
are converted to signals that modulate vocal performance.Characterizing How Central Feedback Manipulations
Influence Song
For all birds subjected to singing-triggered OV stimulation,
effects on song only emerged after a delay. These delayed
effects indicate that plasticity of the song motor network is
only engaged after sufficient accumulation of feedback errors.
However, once stimulation had triggered vocal plasticity, vocal
distortions persisted on unstimulated trials. Therefore, the plas-
ticity that is engaged is not simply a result of enhanced coupling
between sensory and motor areas. One possibility is that a pro-
longed history of feedback perturbations leads to the formation
of an ‘‘error’’ memory that changes the song motor network.
Auditory experience of a tutor song only exerts delayed effects
on vocal performance in juvenile songbirds (Deregnaucourt
et al., 2005; Marler and Peters, 1981) and certain learned motor
skills can continue to improve hours or even days after training
(Cohen et al., 2005; Walker et al., 2002), both of which point to
an influence of either sensory or sensorimotor memories on
motor performance. Despite the evidence that feedback pertur-
bations accumulate over long timescales before affecting song,
spectral distortion was limited to syllables targeted by feedback
disruption. Thus the underlying mechanismmust be able to inte-
grate errors over hours yet act with millisecond precision to
affect song.
Our experiments in birds from several developmental stages
indicate that the effects of singing-triggered stimulation in OV
on song, similar to effects of deafening or DiAF, are strongly
age dependent (Kozhevnikov and Fee, 2007; Leonardo and
Konishi, 1999; Lombardino andNottebohm, 2000). At the earliest
stage in development when stimulation was applied to OV,
changes to song were detectable within an hour after stimulation
onset, at which point the bird had produced less than one
hundred normal motifs. Six weeks later, this latent interval
lengthened to several weeks, at which point tens of thousands
of motifs had been produced normally. Our findings suggest
that the age-dependent effects of deafening and DiAF on song
can in large part be localized to central sites in the brain at or
above the level of OV, rather than to earlier stages of the auditory
system. Further, we found that OV neurons in adults maintain
sensitivity to feedback perturbations, and a prior study points
to an age-dependent decline in the ability of the song motor
network to generate song variability (Kao and Brainard, 2006).
Together, these observations point to the song motor network
as the site of reduced plasticity.
EXPERIMENTAL PROCEDURES
All procedures were in accordance with a protocol approved by the Duke
University Institutional Animal Care and Use Committee.
Subjects
Chronic recordings were made in three male zebra finches (Taeniopygia gut-
tata) (72, 107, and 315 day post-hatch [DPH] at experimental onset). Microsti-
mulation was performed on eight male zebra finches: six received singing-trig-
gered stimulation in OV (73, 78, 81, 85, 88, 92, 92, and 120 DPH at stimulation
onset), one in nucleus Uva (88 DPH at onset), and one in nucleus rotundus
(87 DPH at onset). Birds were transferred to a recording chamber (Acoustic
Systems) several days before electrode implantation, and remained there on
a 14/10 hr light/dark cycle throughout the experiment. The subject’s undi-
rected songs were recorded for at least 2 days before electrode implantationNeuron 65, 122–134, January 14, 2010 ª2010 Elsevier Inc. 131
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Swigger and Ofer Tchernichovski, CCNY), band-pass filtered (0.4–10 KHz),
digitized (44.1 kHz), and stored on a PC. In vivo electrophysiology was per-
formed on 19 male zebra finches (90–200 DPH). All birds were from our
breeding colony.
Electrode Implantation
Platinummonopolar electrodes (0.1MU; MPI) were used formost stimulation
experiments. One stimulation experiment used a bipolar electrode made from
two 0.1 MU platinum electrodes with tips separated by 75 mm. Chronic
recordings used bipolar electrodes with tips separated by 300 mm. Birds
were sedated with 40 ml diazepam (1.7 mg/ml in 100% ethanol, HOSPIRA) in-
jected intramuscularly (IM), followed by isoflurane inhalation (1% in 100%
O2), placed in a stereotaxic device, and the scalp cut along the midline. The
head was rotated so that the bifurcation of the midsagittal sinus was at inter-
aural zero. A point overlying OV was marked on the skull 2.8 mm rostral to in-
teraural zero, 1.0mm lateral tomidline. A small craniotomywasmade, the dura
opened, and an electrode lowered to a depth of5mm from the brain surface.
After using acoustic stimuli (noise bursts and song) to map OV’s boundaries,
the electrode was positioned in OV’s center and secured with dental cement.
After implanting electrodes bilaterally in OV, a small grounding screw was
placed in the brain at a remote site. The two electrodes and the ground screw
were wired to a custom-made adaptor and reinforced with dental cement. The
incision was closed with surgical adhesive (Vetbond). Similar procedures were
used to implant electrodes in rotundus (Rt) and Uva. Coordinates (rostral,
lateral, depth, in mm): Rt (3.7, 2.0, 5.0); Uva (2.2, 1.6, 4.8).
Neural Recordings in Singing Birds
Neural recording began after birds completely recovered from implantation, as
monitored by the amount of singing (3 days). Stimuli were the subject’s undi-
rected songs (bird’s own song, or BOS) recorded before implantation and BOS
with noise superimposed over part of the motif (BOS + WN), played from
a speaker 30 cm from the bird. Peak amplitude at this distance was
80 dB sound pressure level (SPL). Neural activity was band-pass filtered
(0.5–10 KHz) and digitized (22.05 KHz) using an A/D board (National Instru-
ments). To examine feedback-sensitivity, online detection of target syllables
(see below) triggered noise playback (70 dB) in 50% of motif renditions.
Stimuli and the subject’s songs were recorded with a microphone 30 cm
from the bird.
Singing-Triggered Microstimulation
Once the bird resumed normal amounts of singing, its songs were recorded for
at least 2 more days before starting singing-triggered microstimulation. In
awake, nonsinging birds, delivery of stimulus trains to OV (biphasic currents,
each phase = 300 ms, frequency = 300 Hz, duration = 200 ms) could generate
an apparent orienting response. This behavior was used to estimate the
minimum stimulus intensity that the bird could detect. Thresholds in four late
juvenile birds ranged from 8–15 mA, with a mean (±SEM) of 13 ± 1 mA. Custom
LabView software (courtesy of E. Tumer and M. Brainard, UCSF) enabled
online detection of syllables used to trigger stimulation or noise playback.
Trigger syllables were detected using a template constructed from averaging
power spectra of short fragments (5 ms) of the syllable from 20 motifs
produced the day prior to stimulation onset. The subject’s songs were contin-
uously monitored by the software. When the trigger syllable was detected, the
software gated a stimulator (AMSystems) to deliver a train of biphasic currents
(each phase = 300 ms, frequency = 300Hz, intensity 17–40 mA, duration 150–
250 ms) through the electrodes, at a delay such that the stimulus fell on an
ensuing target region. Current amplitude were set above the threshold neces-
sary to elicit an orienting response and within a range that did not activate
surrounding song motor structures, as determined by electrophysiologically
(e.g., Figure 6). The stimulation intensity for singing-triggered Uva and Rt stim-
ulation was the largest intensity used in singing-triggered OV stimulation
(40 mA). Although no immediate effects of singing-triggered OV stimulation
on the spectral structure of the ‘‘target’’ region were noted, two birds sang
only isolated motifs throughout the stimulation period. A third bird truncated
its motif, but still produced a large portion of the target region, including the
tonal syllable on which our analysis focused. At the end of the experiment,132 Neuron 65, 122–134, January 14, 2010 ª2010 Elsevier Inc.neural responses to noise bursts were recorded through the implanted elec-
trodes to confirm they had remained in OV. Lesions were then made by
passing currents (30 mA, 5 s, 0.1 Hz, 6x) through the implanted electrodes
to aid in post hoc confirmation of electrode placement.
Acute In Vivo Electrophysiology
Birds were anesthetized with 20% urethane (90 ml; Sigma) injected IM. After
positioning the bird’s head in a stereotaxic device as described above, target
positions were marked on the skull. The approximate coordinates relative to
interaural zero and the brain surface were (rostral, lateral, depth, in mm): OV
(2.8, 1.0, 5.25); HVC (0, 2.4, 0.4); NIf (2.25, 1.7, 2); RA (1.0, 2.4 mm, 2);
LMAN (4.5, 1.8, 2). A steel post was fixed to the rostral skull with dental cement
and the bird transferred to a sound-attenuating chamber (IAC) on an air table
(TMC). The bird’s head was fixed via the mounted post and positioned 50
below horizontal; the bird was warmed with a heating pad (36C; Harvard
Apparatus). Extracellular recordings were made with tungsten electrodes
(1.0 MU; MPI). Voltages were amplified with a differential amplifier (AM
Systems), band-pass filtered (0.3–5 kHz), and digitized (11.025 kHz) and
stored on a PC. Intracellular recordings were made with sharp electrodes
(100–150MU) filled with 5%Neurobiotin in 2.0MKAc. Voltages were amplified
using an AxoClamp 2B amplifier (Axon Instruments) in bridge mode, low-pass
filtered at 3 kHz, and digitized at 11.025 kHz. Songs for playback experiments
were edited to include two motifs (1.5–3 s). The peak amplitude of the stimuli
was adjusted to 70 dB SPL at the bird’s head. Stimuli were presented at an
interval of 10 ± 1 (SD) s.
Pharmacological Inactivation and Acute Stimulation of OV
A tungsten electrode (1.0 MU) was glued to a micropipette separated at their
tips30 mm. The pipette was filled with 0.25MGABA in 0.9%NaCl and placed
near the center of OV. After establishing a baseline HVC response to BOSplay-
back, 60 nl GABA was pressure injected into OV and BOS playback was
continued until evoked responses in HVC recovered to baseline. Lesions
were then made as previously described. A stimulation electrode was im-
planted in OV as described. Responses in HVC or RA to OV stimulation
were monitored with intra- or extracellular recordings. Low-frequency stimuli
were single biphasic current pulses (100 ms duration each phase). High-
frequency stimuli were 100 ms trains of biphasic current pulses (100 ms dura-
tion for each phase) at 100 Hz. Current amplitudes were 30 to 60 mA. Lesions
were then made as described.
Data Analysis
Chronic Recordings
Analyses used custom Matlab software (H. Lei). Singing-related activity was
aligned to the onset of the trigger syllable, high-pass filtered at 500Hz, recti-
fied, and averaged across motifs. To assess neural sensitivity to feedback
perturbation, a Kolmogorov-Smirnov test comparing averaged, rectified
neural traces with and without superimposed noise was followed by a t test
between corresponding bins from trials with and without superimposed noise
(1ms bin width). If three ormore consecutive bins were p < 0.05, activity during
that window was considered significantly different between trials with and
without superimposed noise. This criterion equals a 99.99% confidence level.
Singing-Triggered Microstimulation
Wiener entropy, defined as the logarithm of the ratio of the geometric mean to
the arithmetic mean of the spectrum (W = logðexp½R df LogðSðfÞÞ = R df SðfÞÞ )
was used to quantify spectral distortion of target regions. The target region
was automatically identified using custom Matlab software (H. Lei) and its
Wiener entropy calculated using a modified version of SAM (Matlab; S. Saar
and P. Mitra). Significance of entropy differences was determined using
a two-tailed t test. To compare effects across birds, we also calculated
a z-score by subtracting baseline mean entropy from the mean entropy on
days with OV stimulation, and dividing this difference by the baseline SD.
A cumulative entropy difference was also used to more precisely quantify
the onset of spectral distortion. First, we calculated the baseline mean entropy
of the target syllable on the day prior to stimulation onset. This mean value was
then subtracted from the entropy of each rendition of the target syllable
produced before and after stimulation onset, and a cumulative sum of the
resulting difference was calculated. Finally, we calculated the SD of the
Neuron
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chosen as the significance threshold because this was the largest cumulative
entropy difference fluctuation observed prior to OV stimulation.
In Vivo Electrophysiology
Neural data were analyzed offline using custom Labview software (M. Rosen
and S. Nenkov, Duke). The threshold for multiunit activity was set visually by
the user. Stimulus-evoked activity was evaluated by calculating response
strength (RS), which is the difference between the mean firing rates observed
during the stimulus and during a prestimulus baseline period of similar dura-
tion. Significance of the effects of OV stimulation or superimposed noise burst
on BOS-evoked responses in HVC and NIf was determined using paired
t tests.
Histology
At the end of the experiment, the bird was anesthetized with Nembutal and
perfused with 0.9% saline, followed by 4% paraformaldehyde (PFA) in phos-
phate-buffered saline. The brain was removed and postfixed in PFA with
30% sucrose overnight at 4C, blocked sagittally, and sectioned on a freezing
microtome at 50 mm. Lesions were visualized by Nissl staining. Neurobiotin-
filled cells were visualized using fluorescently tagged streptavidin (Invitrogen),
imaged on a confocal microscope (Zeiss LSM 510).
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and can be found with this
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